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ABSTRACT  
The Surveyor Fan is the fourth largest submarine fan in the world and located in the Gulf 
of Alaska. The Surveyor Fan receives very high rates of sedimentation from the rapidly eroding 
St. Elias Mountains. Drilling during the Integrated Ocean Drilling Program (IODP) Expedition 
341 in 2013 recovered 3240 m of sedimentary record from five sites within the Surveyor Fan. 
This project uses the shear strength data of the uppermost 100 meters to quantify the present-day 
slope stability of the fan. Shear strength is a measure of the sediment strength to withstand 
certain amounts of shear stress before it fails as a submarine landslide. Submarine landslides are 
capable of creating tsunamis. The Surveyor Fan is situated on an active seismic margin, therefore 
it is important to understand the risks and consequences of a submarine landslide because 
submarine landsliding events have happened in the recent past. Submarine landslides were 
generated by the magnitude-9.2 1964 Great Alaska earthquake at Valdez. The earthquake and 
submarine landslides created several tsunamis that ultimately killed 131 people as far away as 
California.  This study shows a normal relationship of shear strength with depth, however the 
Surveyor Fan also has abnormally low values of shear strength for an active margin.  This could 
be a major indicator that the Surveyor Fan is at high risk of slope failure. 
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INTRODUCTION  
The focus of this study is on the undrained shear strength of sediments in the Surveyor 
Fan measured with the Geisa Automated Shear Vane (AVS) during IODP Expedition 341.  Shear 
strength is represented as the torque required by the vane to shear the sediment.  In other words, 
shear strength is the shear stress required for sediment failure.  It is often defined by the Mohr-
Coulomb failure criterion, 
 𝜏𝑓 =  𝑐′ +  (𝜎 –  𝑢) 𝑡𝑎𝑛∅′ 
where 𝜏𝑓 is shear strength, 𝑐′ is effective cohesion, 𝜎 is applied normal stress, 𝑢 is pore water 
pressure, (𝜎 –  𝑢) represents the effective normal stress, and ∅ is the friction angle (Hampton et 
al., 1996).  As the equation shows, there is a linear relationship between shear strength and 
effective normal stress.  Therefore, we would expect there to be a linear relationship of shear 
strength with depth in the Surveyor Fan. 
The purpose of this study is to quantify the slope stability of the Surveyor Fan.  It is 
important to study slope stability because a major failure in the form of a submarine landslide 
poses significant risks to the coastal population.  Submarine landslides have the potential to 
create tsunamis and have done so numerous times in the past.  A great example of this happened 
during the 1964 Great Alaska earthquake at Valdez.  The M-9.2 earthquake and the subsequent 
submarine landslides created tsunamis that killed over 131 people as far away as California.  Not 
only do these kinds of geohazards pose human threats, but they also have great economic 
implications (Parsons et al., 2014). 
Shear strength can be greatly affected by decreasing the effective stress.  A common way 
effective stress can be reduced is by increasing the pore pressure.  This will also result in a 
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decrease of shear strength and therefore a higher risk of slope failure (Hampton et al., 1996).  
High sedimentation rates of material with relatively low permeability can dramatically decrease 
the effective stress because it elevates the pore pressure of the sediments. (Hampton et al. 1996).  
Some studies have already looked at the correlation between submarine landslides and 
sedimentation rates.  These studies showed that slope stability is decreased with an increase in 
sedimentation rate (Lee et al., 2004; Sawyer and DeVore, 2015; ten Brink et al., 2016).   
Seismicity can also play a major role in slope stability.  Several studies in the past decade 
have shown that slope stability is greater with an increase in earthquake frequency (Lee et al., 
2004; Biscontin and Pestana, 2006; Sawyer and DeVore, 2015; ten Brink et al., 2016 ).  
Additonally, earthquakes are among the main triggers of slope failure by their induction of shear 
and normal stresses in sediment  (Hampton and Lee, 1996).  It is important to understand the 
seismic reponse of marine sediments for this study because the Surveyor Fan is located in an 
active seismic margin and earthquakes are a frequent event. 
For this study, we looked at the relationship of shear strength with depth while analyzing 
the sediment characteristics of each site chosen to get a better understanding of the local slope 
stability.  This will allow us to see what areas need to be explored further and will guide what 
direction future research in the Surveyor Fan should go to protect life and property of the coastal 
population. 
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GEOLOGIC SETTING  
Geology 
The study area for this research project is the Surveyor Fan which is the fourth largest 
submarine fan in the world and is located in the Gulf of Alaska off the continental margin of 
southern Alaska.  The Surveyor Fan is situated on an active seismic margin due to its proximity 
towhere the Pacific plate collides with and subducts under the North American plate.  The 
subduction occurs along the Aleutian Trench in the western part of the Gulf of Alaska and the 
flat-slab subduction has created the still-active Chugach-St. Elias Orogen (Carlson, 1989; Reece 
et al., 2011). 
The Surveyor Fan is on the Pacific plate and covers over 300,000 km2.  It has been active 
since at least the Miocene and within the past 1.2 million years, glacial erosion from the St. Elias 
Mountain Range has provided huge amounts of sediment, even more so than the tectonic input 
(Gulick et al., 2015).  The fan is fed by the Chirikof and Surveyor Channel System which are 
large deep water channels that are unassociated with any fluvial systems and thus unlike most 
channels in the world (Reece et al., 2011).  
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Figure 1: Map of IODP Expedition 341 showing all drill sites.  From Expedition 341 Scientists (2013). 
 
Past Tectonic Activity 
The Gulf of Alaska is a high seismically active zone due to the ongoing collision of the 
Pacific and North American plates.  The collision of these two plates has been responsible for 
numerous large destructive earthquakes and tsunamis in the past such as the magnitude-9.2 1964 
Great Alaska Earthquake that originated from Prince William Sound.  The earthquake and 
submarine landslides created several tsunamis that ultimately killed 131 people as far away as 
California (Parsons et al., 2014).   
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There have been other large earthquakes that have occurred in the Gulf of Alaska.  
Probably the most famous example is the 1987–88 Gulf of Alaska sequence.  This sequence 
consisted of three large earthquakes registering as 6.9, 7.6, and 7.6 magnitudes respectively.  
These earthquakes were unusual because they occurred away from the Aleutian trench within the 
Pacific plate where there was no known seismic activity.  Strike-slip faulting within the plate was 
responsible for producing these earthquakes proving just how complex and dangerous the Gulf 
of Alaska geology is to the coastal populations of the region (Hwang and Kanamon, 1992). 
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METHODS  
During IODP Expedition 341, shear strength was measured with the Giesa Automated 
Vane Shear (AVS).  This device is a four-bladed miniature vane that is commonly used for 
measuring shear strength of soft marine sediments.  It is not useful for determining shear strength 
in coarser grained sediments.  The IODP Expedition 341 scientists used the JOIDES Resolution 
research vessel to core sediment at five different sites.  Once shipboard, they pushed the vane 
into the sediment of the cores until the top of the vane was level with the surface of the sediment.  
They then rotated the vane at a constant rate of 90°per minute.  The torque required to shear the 
sediment is recorded and used to convert to undrained shear strength given in units of pascals.  
They repeated this measurement for every core section (about every four meters) until their plot 
curve showed a decrease (Expedition 341 Scientists, 2013). 
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SITE LOCATIONS  
Only sites from IODP Expedition 341 containing mostly fine-grained mud in the top 100 
meters with continuous sedimentation and lacking evidence of unconformities and submarine 
land sliding were used. Chosen were U1417, U1418, U1419, and U1421.  Excluded was site 
U1420. 
Site U1417 is at about 4200 m water depth and located in the distal Surveyor Fan.  It is 
fed with sediment by overbank processes from the Surveyor Channel which is about 60 km 
away.  This site was chosen by IODP Expedition 341 scientists to provide a sedimentary record 
of Neogene glacial and tectonic processes of the St. Elias orogeny that is still ongoing today.  
The top 100 meters of interest consist of only one lithological unit (Unit I) that is divided into 
two different subunits (Subunit IA and Subunit IB).  Both subunits are made of mostly dark gray 
mud with locally occurring lonestones and intervals of diatom ooze and minor interbeds of 
volcanic ash, however Subunit IB has more frequent intervals of diatom ooze.  Based on 
shipboard smearslides, the mud is made up of about 90% clay sized particles and 10% silt sized 
particles.  Sedimentation rates are about 0.13 mm/yr (Expedition 341 Scientist, 2013).   
Site U1418 is at 3703 m water depth and located in the proximal Surveyor Fan between 
the Aleutian Trench and the Bering Channel.  It is fed by sediment settling and sediment gravity 
flows from adjacent channels.  This site was chosen by IODP Expedition 341 scientists to 
provide a sedimentary record of the late Pleistocene to get a better understanding of  the 
dynamics and timing of glacial events.  The top 100 meters of interest consist of only one 
lithological unit (Unit I).  It is made of mostly dark gray mud with interbedded silt and mud 
alternates.  Based on shipboard smearslides, the mud is made up of about 75% clay sized 
particles and 25% silt sized particles.  Sedimentation rates are about 0.88 mm/yr, which is almost 
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a six-fold increase from site U1417.  This is mostly due to being closer to the orogeny that is 
responsible for most of the deposition within the fan (Expedition 341 Scientists, 2013; Gulick et 
al., 2015). 
Site U1419 is at 721 m water depth and is located on the Khitrov Bank which is on the 
continental slope above the Khitrov Ridge.  It is influenced by the Alaska Coastal Current.  This 
site was chosen by IODP Expedition 341 scientists to provide a sedimentary record of the late 
Pleistocene to get a better understanding of glacial events and sea-surface temperatures.  The top 
100 meters of interest consists of only one lithological unit (Unit I).  It is made of mostly olive 
gray diatom ooze with intervals of ooze and diatom-rich mud.  Based on shipboard smearslides, 
the mud is made up of about 70–80% clay sized particles and 20–30% silt sized particles.  This 
site experiences the highest sedimentation rate , about 3 mm/yr due, to its location on the slope.   
Site U1421 is at about 721 m water depth.  It is located downslope the Bering Trough on 
the continental slope.  The site was chosen by IODP Expedition 341 scientists to understand the 
actively deforming orogenic strctures and the impact of the sedimentation rates changing in the 
Neogene.  The top 100 meters of interest consist of only two lithological units (Unit I and Unit 
II).  They are made of mostly dark greenish gray diatom rich mud, however Unit II includes 
intervals of diamict.  Sedimentation rates along this part of the slope are about 2.3 mm/yr 
(Expedition 341 Scientists, 2013). 
For this research project, U1420 was not chosen because it is not made up of mostly fine-
grained marine sediment.  The top 100 meters of interest only consist of two lithological units 
(Unit I and Unit II).  They were both very clast rich and also penetrate through an angular 
uncomformity which makes it not an ideal site to analyze shear strength.  Sedimentation rates 
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here along the shelf were at about 1.3 mm/yr (Expedition 341 Scientists, 2013; Sawyer and 
DeVore, 2015). 
 
Figure 2: Map of IODP Expedition 341 showing detailed location map of all drill sites.  From Expedition 341 
Scientists (2013). 
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Figure 3: Cross-sectional topography profile showing location of all five sites; and their principal lithologies with 
sedimentation rates in centimeters per thousand years.  From (Gulick et al., 2015). 
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RESULTS  
Shear Strength vs Depth 
Shear strength was compared with depth in several plots.  One comparision used the top 
100 meters of shear strength data with depth (Figure 4), and another used only the top 20 meters 
(Figure 5).  Both plots showed the expected relationship of shear strength increasing with depth 
and displayed average shear strength values that are expected of fine grained silicilastic 
sediments with high sedimentation rates (Gulick et al., 2015; Bartetzko and Kopf, 2007; 
Hamilton, 1971).  IODP Expedition 341 site U1417 showed the highest average shear strength in 
the uppermost 20 meters at 14.152 kPa.  Site U1418 had the lowest average shear strength in the 
uppermost 20 meters at 8.578 kPa.  The average shear strength in the uppermost 20 meters for all 
of the sites compared was 11.315 kPa. 
 
Figure 4: Plot showing peak undrained shear strength measured with the Geisa Automated Shear Vane (AVS) in kPa 
versus 100 meters depth below the seafloor for four different sites from IODP Expedition 341. 
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Figure 5: Plot showing peak undrained shear strength measured with the Geisa Automated Shear Vane (AVS) in kPa 
versus the top 20 meters depth below the seafloor for four different sites from IODP Expedition 341. 
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DISCUSSION  
Surveyor Fan Shows Passive Margin Behavior 
The Surveyor Fan showed a normal relationship of shear strength increasing with depth 
and displayed average shear strength values that are expected of fine grained silicilastic 
sediments (Bartetzko and Kopf, 2007; Hamilton, 1971).  Because of the Surveyor Fan’s location 
on an active margin, processes of seismic strengthening should have caused the shear strength to 
be higher than what was recorded (Sawyer and DeVore, 2015). 
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Figure 6: A) Sites used in Sawyer & DeVore’s study.  Active margins are from Japan, Costa Rica, Peru, Cascadia, 
and the Mediterranean.  Passive margins are from New Jersey, Gulf of Mexico, Amazon Fan, Madeira, and West 
Africa.  B) Graph from Sawyer & DeVore’s study showing the normal distribution of shear strength.  C)  Undrained 
shear strength versus depth of all sites from Sawyer & DeVore’s study.  Blue points represent passive margins and 
red points represent active margins.  The trend lines represent the arithmetic means of each margin type.   
From Sawyer and DeVore (2015). 
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According to Sawyer and DeVore, active margins have higher undrained shear strength 
than passive margins and they have demonstrated this with 67 sites globally where AVS shear 
strength data were collected.  A plot of the Expedition 341 sites with 6 other sites (3 passive and 
3 active sites) that were also measured with AVS, the Surveyor Fan clearly acts as a passive 
margin not an active one (Figure 7). 
 
 
Figure 7: Peak undrained shear strength measured with Automated Shear Vane (AVS) in kPa versus the top 20 
meters depth below the seafloor to compare the Surveyor Fan with other margins in the world.  Active margins 
included are Cascadia, Costa Rica, and Japan.  Passive margins included at Amazon Fan, Madeira, and New Jersey. 
The Surveyor Fan shows behaviors of shear strength with depth similar to behavior seen 
in passive margins (Figure 7).  Another factor that needs to be considered in evaluation of shear 
strength is sedimentation rate.  The Surveyor Fan is the fourth largest submarine fan in the world 
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and receives an anomalously high rate of sedimentation (Gulick et al., 2015).  The shear 
strengths observed in the Surveyor Fan suggest that it may be over-pressured due to rapid 
deposition (Gibson, 1958; Bredehoeft and Hanshaw, 1968; Fowler and Yang, 1998; Dugan and 
Flemings, 2000; Wolinsky and Pratson, 2007). 
Implications for Submarine Landslides & Tsunami Hazards 
According to previous studies, a correlation between submarine landslides and 
earthquake frequencies has been observed supporting the idea of seismic strengthening.  It is 
shown that slope stability is greater with an increase of earthquake activity(Lee et al., 2004; 
Bisontin and Pestana, 2006; Sawyer and DeVore, 2015; ten Brink et al., 2016).  In studies of the 
correlation between submarine landslides and sedimentation rates, some studies showed that 
slope stability is decreased with an increase in sedimentation rate (Lee et al., 2004; Sawyer and 
DeVore, 2015; ten Brink et al., 2016).  Elevated pore pressures caused by high sedimentation 
rates are considered a major preconditioning factor in submarine landslide events, however 
earthquakes are thought to be the main triggering mechanism (Keefer, 1984; Biscontin and 
Pestana, 2006; Harbitz et al., 2014).   
The Surveyor Fan seems to be a recipe for disaster, since it experiences both a high rate 
of sedimentation and a high frequency of earthquake activity.  These are dangerous conditions 
for the residents along the coast of Alaska and the western United States, since submarine 
landslides can cause tsunamis and have caused them in the recent past.  Submarine landslide 
induced tsunamis can be especially dangerous because they could enhance tsunami events that 
were originally caused by the earthquake rupture itself, can also occur locally giving residents 
little to no time to react, and are very difficult to monitor and predict (Harbitz et al., 2014). 
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CONCLUSIONS  
The Surveyor Fan shows a normal relationship of shear strength with depth for 
siliciclastic sediments.  It also has abnormally low values of shear strength for an active margin 
that may be explained by elevated pore pressures caused by anomalously high sedimentitation 
rates.  The Surveyor Fan may be at high risk for slope failure in the future of a large magnitude 
and duration earthquake event. 
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RECOMMENDATIONS FOR FUTURE WORK  
Possible future work could be to create a Factor of Safety map using Stigall and Dugan’s 
methods and importing the data into ArcGIS to determine how unstable the slopes of the 
Surveyor Fan are currently and what areas may be at high risk.  To do this, measurements and 
calculations for sediment cohesion for effective stress, total vertical stress, hydrostatic pore 
pressure, seafloor slope angles, angle of internal friction for effective stress, and overpressure are 
required (Stigall and Dugan, 2010). 
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APPENDIX  
 
Table 1: Data from Site U1417 
 
 
Table 2: Data from Site U1418 
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Table 3: Data from Site U1419 
 
 
Table 4: Data from Site U1421 
 
 
